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Background and PurposezzAlzheimer’s disease (AD) is associated with structural alterations 
in the medial temporal lobe (MTL) and functional alterations in the posterior cortical region, es-
pecially in the early stages. However, it is unclear what mechanisms underlie these regional discrep-
ancies or whether the posterior cortical hypometabolism reflects disconnection from the MTL le-
sion or is the result of local pathology. The precuneus, an area of the posteromedial cortex that is 
involved in the early stages of AD, has recently received a great deal of attention in functional neu-
roimaging studies. To assess the relationship between the precuneus and hippocampus in AD, we 
investigated the volumes of these two areas using a magnetic resonance volumetric method.
MethodszzTwenty-three subjects with AD and 14 healthy age-matched controls underwent T1-we-
ighted three-dimensional volumetric brain magnetic resonance imaging. Volumetric measurements 
were performed in the precuneus and hippocampus.
ResultszzCompared to controls, AD patients exhibited a significant reduction in total precuneal 
volume, which was more prominent on the right side, and significant bilateral reductions in hippo-
campal volume. No correlation was found between the total volumes of the precuneus and hippo-
campus in the AD group.
ConclusionszzThese results suggest that volumetric measurements of both the precuneus and hip-
pocampus are useful radiological indices for the diagnosis of AD. Furthermore, the lack of correla-
tion is attributable to local pathology rather than being a secondary consequence of MTL pathology.
  J Clin Neurol 2010;6:196-203
Key Wordszz  precuneus, hippocampus, Alzheimer’s disease, magnetic resonance imaging, 
volumetry.
Introduction
Alzheimer’s disease (AD) is one of the most common neuro-
degenerative disorders and is the most common cause of de-
mentia in the elderly. AD is associated with structural alterations 
in the medial temporal lobe (MTL) and functional alterations in 
the posterior cortical region, especially in the early stages.
1-3 At-
rophy of the MTL, including the hippocampus and entorhinal 
cortex, is one of the most sensitive biological indicators of AD, 
and hippocampal volumetry is the best-established structural 
biomarker for AD, particularly for early diagnosis.
2,4-6
The precuneus, which lies within the posterior association cor-
tex, has recently received a great deal of attention in function-
al neuroimaging studies. Anatomically the precuneus is locat-
ed in the posteromedial parietal lobe and corresponds to the me-
dial portion of human cerebral cortical Brodmann’s area 7.
7-9 
The precuneus has a widespread network of higher-association 
cortical and subcortical structures, as well as reciprocal inter-
connections with adjacent areas of the posteromedial cortex, 
including the posterior cingulate and retrosplenial cortices, Ryu SY et al.
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which to some extent provide an anatomical basis for their func-
tional coupling.
9 The precuneus is an intriguing cortical area, 
not only due to its possible early involvement in AD,
10 but also 
because of its putative role in fundamental cognitive function-
ing.
9 However, functional imaging studies of the precuneus re-
flect neural activity only indirectly. Although voxel-based mor-
phometry (VBM) studies have demonstrated the importance of 
the posteromedial cortex, including the precuneus, as an atro-
phic focus outside the MTL in AD,
11 assessing the precuneus 
separately from the adjacent posteromedial cortex is technical-
ly challenging because it requires an anatomical precision that 
cannot be attained in VBM studies. In addition, automated VBM 
methods based on group comparisons do not provide absolute 
regional volumes and are less sensitive to other large-scale vol-
umetric differences in gross anatomy, limiting their use to inves-
tigations of relationships between brain structures.
12-14 In con-
trast, the region-of-interest (ROI) approach of manual volume-
tric methods, which outlines the structure of interest on the co-
rresponding sections, can apply a priori definitions of specific 
brain regions and the observer’s hypothesis.
12 Such direct mea-
surements allow the volume of the structure be computed in 
order to assess the level of atrophy, providing absolute regional 
volumes that cannot be measured using VBM.
The aims of the current study were to determine 1) the rela-
tionship between precuneal and hippocampal volumes in AD 
patients using a manual magnetic resonance (MR) volumetric 
method, 2) the utility of precuneal volume measurements to di-
fferentiate AD patients from age-matched controls, and 3) the 
possible associations between precuneal volume and specific 
neuropsychological domains in AD patients.
Methods
Subjects
Twenty-three subjects with AD (19 women, 4 men; aged 74.4± 
6.3 years, mean±SD) and 14 age-matched healthy elderly sub-
jects with no cognitive impairment (9 women, 5 men; aged 70.6 
±5.2 years) were recruited through the outpatient clinic at The 
Catholic University of Korea, Daejeon St. Mary’s Hospital. All 
participants were right-handed, provided a detailed medical hi-
story, completed the Korean version of the Mini-Mental State 
Examination (K-MMSE),
15 and underwent physical and neuro-
logical examinations, and brain MR imaging (MRI). AD sub-
jects met the diagnostic criteria for probable AD of the Nation-
al Institute of Neurological and Communicative Disorders and 
Stroke-AD and Related Disorders Association.
16 The severity 
of dementia was classified based on the Clinical Dementia Rat-
ing (CDR).
17 Subjects with AD received an extensive neuropsy-
chological test battery,
18 which was performed within 2 weeks 
of the brain MRI, and underwent laboratory tests to exclude oth-
er causes of dementia.
Patients who had a history of head trauma, psychiatric disor-
ders, alcohol or substance abuse, atypical headache, evidence of 
other neurologic or medical conditions that could cause cogni-
tive impairment, or a significant MRI abnormality were exclud-
ed from the study. The research protocol was approved by the 
institutional review board, and informed consent was obtained 
from all participants.
MRI data acquisition
All subjects underwent MRI within 2 weeks after entry into the 
study. T1-weighted three-dimensional volumetric brain MR im-
ages were acquired with a 1.5-Tesla MRI scanner (Intera, Phil-
ips Medical Systems, Best, The Netherlands) by three-dimen-
sional fast field echo sequences with a thickness of 1.0 mm and 
no gap in the sagittal plane. The acquisition parameters were as 
follows: repetition time=25 ms, echo time=4.6 ms, flip angle=30°, 
field of view=240×240 mm
2, matrix size=240×240, voxel dimen-
sions=1.0×1.0×1.0 mm
3, number of excitations=1, and number of 
slices=150-170.
Imaging processing and analysis
Data were reformatted, transformed to Talairach coordinates,
19 
and segmented manually into the precuneus, hippocampus, and 
intracranial cavity (ICC). The volumes of these regions were 
then calculated automatically by the fuzzy c-means (FCM) al-
gorithm
20 using customized in-house software, as shown in Fig.1. 
Fig. 1. Overall block diagram of image processing step. MR: mag-
netic resonance, VOIs: volumes of interest, FCM: fuzzy c-means.
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Sagittal images were acquired by realigning the anterior-pos-
terior axis of the brain parallel to the line of the anterior and 
posterior commissures and aligning the other two axes to the in-
terhemispheric fissure. Data were then reformatted into images 
in the horizontal and coronal planes so that they could be dis-
played simultaneously in three dimensions. To adjust individ-
ual differences in total brain volume (BV) and brain orienta-
tion, as well as head tilt, the images were transformed into Tala-
irach coordinates based on ten manually selected points, as sh-
own in Fig. 2. The whole volume data were then divided into 12 
hexahedrons using 10 reference points and were affine-trans-
formed into Talairach coordinates.
21
Volumetric measurements of the precuneus, hippocampus, 
and ICC were performed by manually tracing their volumes of 
interest (VOIs) using the FCM algorithm. That of the ICC was 
obtained by manually tracing the contour of the dura mater
22 in 
the sagittal plane, as shown in Fig. 3. One rater performed the man-
ual tracing of all ICCs. The left and right precuneus and hippo-
campus were manually segmented separately in the sagittal and 
coronal planes, respectively. Boundaries of the ROIs in each slice 
(i.e., precuneus, hippocampus, and ICC) were traced manually 
using a mouse-driven cursor, resulting in VOIs. The FCM algo-
rithm is a clustering method that is used to classify every image 
pixel into C subgroups, such that the image pixels in a sub-
group show a certain degree of closeness or similarity.
20 The ICC 
was classified into white matter (WM), gray matter (GM), or ce-
rebrospinal fluid (CSF) by assigning every voxel to the cluster 
that corresponded to the maximum degree of similarity using 
the FCM algorithm. Volumes of the WM, GM, and CSF in the 
precuneus, hippocampus, and ICC were measured by counting 
the number of voxels within each VOI; the voxel dimensions 
were 1.0×1.0×1.0 mm
3. The intracranial volume was defined as 
the sum of the BV (sum of GM plus WM volume) and the CSF 
volume. The volumes of the precuneus and hippocampus were 
defined as the combined GM and WM volumes within these 
areas.
To further account for individual differences in head size, the 
volumes of each precuneus and hippocampus were normalized 
to individual total intracranial volume (TIV), and their normal-
ized volumetric ratios were used for statistical analysis. Normal-
ized volumes for brain ROIs were measured in the same units, 
and values were multiplied by 1,000 to reduce the number of de-
cimal figures using the following formula: normalized regional 
volume=(absolute volume in cm




The ROIs of the precuneus and hippocampus were determined 
in the sagittal and coronal planes, respectively. All volume mea-
Fig. 2. Ten reference points for Talairach coordinates. CA: anterior commissure, CP: posterior commissure, AP: most-anterior point, PP: most-
posterior point, SP: most-superior point, IP: most-inferior point, RP: rightmost point, LP: leftmost point, MH: high point to define the midline, ML: 
low point to define the midline.
Fig. 3. Example of manual tracing of the total intracranial volume   
in a sagittal section (white line).Ryu SY et al.
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surements were performed on consecutive slices based on in-
trinsic anatomical landmarks.
Assessment	of	precuneal	volume
Using the most-representative slice of the midsagittal section for 
each subject, the outline of the precuneus was traced manually 
on each sagittal slice. References to coronal or horizontal ori-
entations were made for a more precise identification of struc-
ture boundaries. The precuneus was segmented according to 
the atlas of Duvernoy
7 and anatomic and radiologic findings of 
Salamon et al.,
8 referencing a previously described method.
23 
The main landmarks of the precuneus were defined as follows: 
anterior, marginal segment of the cingulate sulcus; posterior, 
parieto-occipital fissure; superior, superior margin of the brain; 
and inferior, subparietal sulcus (Fig. 4A). The medial limit of the 
precuneus was defined as the cortical surface within the inter-
hemispheric fissure, and the lateral limit was defined as the sag-
ittal level at which the subparietal sulcus disappeared with the 
lateral end point of the subparietal sulcus on the coronal orien-
tation serving as a reference point.
Assessment	of	hippocampal	volume
The anatomical landmarks and boundaries used for this volu-
metric method were based on the morphological description 
of Duvernoy
24 and guided by the previously described proto-
cols.
25,26 The boundaries of the entire anterior-posterior extent 
of the hippocampus (including its head, body, and tail) were 
outlined on coronal MR images (Fig. 4B, C and D), and sagittal 
or axial orientations were often used to validate neuroanatomical 
boundaries. Measurements included the hippocampus proper, 
dentate gyrus, subiculum, alveus, and fimbria. Tracings started 
with the first section in which the head of the hippocampus was 
distinguishable from the overlying amygdala by the presence 
of the alveus or uncal recess of the temporal horn. The posterior 
boundary was defined as the coronal section where the fascio-
lar gyrus begins to curve around the posteroinferior margin of 
the splenium as the indusium griseum.
Reliability
All measurements were performed by one rater who was blind-
ed to subjects’ identities. Interrater and intrarater reliabilities were 
measured for the volumes of the precuneus and hippocampus 
as determined by ROI boundaries. The interrater reliability was 
determined based on five randomly selected scans that were 
measured independently by two raters. The interrater intraclass 
correlation coefficients of all ROIs exceeded 0.909 (precuneus: 
0.909 for left and 0.949 for right; hippocampus: 0.963 for left and 
0.921 for right). Each volume was then remeasured after at least 
4 weeks by the principal rater. The intrarater intraclass correlation 
coefficients of all ROIs exceeded 0.928 (precuneus: 0.986 for 
left and 0.987 for right; hippocampus: 0.928 for left and 0.957 
for right). After reliability evaluation, the same investigator with 
expertise in ROI delineation completed all ROI tracings from 
the precuneus and the hippocampus.
Neuropsychological assessment
AD patients completed a neuropsychological assessment using 
a standardized neuropsychological battery (Seoul Neuropsycho-
logical Screening Battery).
18 All tests were performed by a train-
ed expert, who was blinded to clinical and radiological infor-
mation. The battery included tests of attention (digit span test: 
forward), verbal memory (Seoul Verbal Learning Test: recall 
and recognition), visual memory [Rey-Osterrieth Complex Fig-
ure Test (RCFT): recall and recognition], frontal executive func-
tions (contrasting program; go-no-go test; Controlled Oral Word 
Association Test for Categories: animal and supermarket, and 
for Letters; Korean-Color Word Stroop Test: word reading and 
color reading), visuospatial function (RCFT copy), and the Ko-
rean version of the Boston Naming Test.
Statistical analysis
Statistics were performed with SPSS software package version 
13.0 (SPSS Inc, Chicago, IL, USA) with significance set at p< 
0.05. Demographic data from the two groups were analyzed with 
Student’s t-test for continuous variables and the χ
2 test for gender. 
Fig. 4. Example of regions of interest illustrating the boundaries of the left precuneus (A) in the sagittal plane, and the right hippocampus head 
(B), body (C), and tail (D) in the coronal planes.
A   B   C   D  Precuneal and Hippocampal Volumes in AD 
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Regional volumes from the two groups were compared using 
analysis of covariance with age as a covariate. Mean volumes 
from the left and right sides of each VOI were compared us-
ing the paired t-test. Correlation analysis using Pearson’s cor-
relation coefficient (r) was performed between regional vol-
umes, as well as between the volume of the precuneus and 




The demographic characteristics are summarized in Table 1. 
The age, level of education, and gender distribution did not dif-
fer significantly between the AD group and the healthy control 
group. The K-MMSE score was significantly lower in the AD 
group than in the control group (17.6±4.8 vs. 24.1±2.3, p< 
0.001). The CDR score in the AD group was 1.04±0.56.
Volumetric measurements
Regional volumetric ratios that were normalized to individu-
al TIVs were used for group analysis. The precuneal and hip-
pocampal volumes of the two groups are presented in Table 
2. The volume of the total precuneus was significantly smaller 
for patients with AD than for age-matched controls (p≤0.01), 
which included a significant difference on the right side (p< 
0.01) and a trend toward a difference on the left side (p=0.066). 
In addition, the volumes of the bilateral hippocampi were sm-
aller for the AD group than for controls (p<0.01 for the left side 
and p<0.001 for the right side). The AD group exhibited a trend 
toward a reduction in BV relative to the control group (p=0.053).
In the AD group, there was a trend toward a smaller precu-
neal volume on the right side relative to the left (p=0.079) and 
for a smaller hippocampal volume on the left relative to the ri-
ght (p=0.062). In the control group, no significant volume dif-
ferences were observed between the left and right precuneus 
(p>0.05), but the hippocampal volume was smaller on the left 
side than on the right (p<0.001).
Relationships between volumetric 
measurements
Correlational analyses were performed in the AD group; the re-
sults are presented in Table 3. No correlation was found betw-
een total precuneal and hippocampal volumes (r=0.086, p> 
0.05). The total hippocampal volume was correlated with BV 
(r=0.521, p<0.05), and this remained significant after controlling 
for age and K-MMSE score (r=0.509, p<0.05). The total pre-
Table 1. Demographic characteristics of Alzheimer’s disease (AD) 
patients and controls
Characteristic AD (n=23) Controls (n=14) p
Age (years) 74.4±6.3 70.6±5.2 0.07
Education (years) 03.9±3.9 04.1±3.5 0.90
Gender (male/female) 04/19 05/9 0.26
K-MMSE 17.6±4.8 24.1±2.3 <0.001
Age, education, and Korean version of the Mini-Mental State Ex-
amination (K-MMSE) data are mean±SD values. The level of sta-
tistical significance was determined using Student’s t-test for con-
tinuous variables and Fisher’s exact test for gender.
Table 2. Brain volumetric measurements in patients with AD and in controls
Regional volumes normalized to the TIV AD (n=23) Controls (n=14) p
Precuneus
Left 8.84±1.57 9.90±2.21  0.066
Right 8.37±1.59 9.84±1.93   0.008*
Total 17.20±2.930 19.74±3.340   0.010*
Hippocampus
Left 1.98±0.34 2.35±0.27   0.003*
Right 2.07±0.33 2.50±0.25 <0.001*
Total 4.05±0.64 4.86±0.51   0.001*
Brain volume 0.902±0.022 0.919±0.008  0.053
Data are mean±SD values. 
*p<0.05 for AD vs. controls (analysis of covariance after controlling for age). 
AD: Alzheimer’s disease, TIV: total intracranial volume.
Table 3. Correlation coefficients (r) between normalized regional volumes in patients with Alzheimer’s disease (n=23)
Left hippocampus Right hippocampus Total hippocampus
Left precuneus 0.033 -0.090 -0.029
Right precuneus 0.296 -0.055 -0.186
Total precuneus 0.179 -0.019 -0.086
Brain volume 0.492* -0.498* -0.521*
*p<0.05.Ryu SY et al.
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cuneal volume was not correlated with BV (r=0.217, p>0.05).
Relationship between precuneal volume and
neuropsychological performance
Among the various neuropsychological tests performed in the 
AD patients, only the RCFT (r=0.474, p<0.05) and the Catego-
ry Fluency Test (r=0.438, p<0.05 for animal; r=0.504, p<0.05 
for supermarket) showed significant correlations with the total 
precuneal volume. These correlations remained significant af-
ter controlling for age and education.
Discussion
This study used manual MR volumetry to demonstrate that our 
AD patients had a significant total precuneal atrophy, especial-
ly on the right side, as well as hippocampal atrophy, compared 
with the control group. There was no correlation between the 
total precuneal and hippocampal volumes in the AD group. The 
total precuneal volume was correlated with the category fluen-
cy and visuospatial tests of neuropsychological function.
Volumetric analysis using high-resolution three-dimension-
al MRI has recently become increasingly important in the study 
of AD, particularly as a diagnostic aid and as a biomarker of 
disease progression.
12,27 Hippocampal volumetry in AD can 
help to distinguish AD patients from elderly controls and to pre-
dict the conversion of mild cognitive impairment (MCI) to AD.
2 
Although they are time-intensive, manual volumetric methods 
are currently the gold standard for determining hippocampal 
volume,
28 and such methods have been used to assess other 
structures in AD, such as the entorhinal and temporal cortices 
and the cingulate gyrus.
5 However, few data on other brain re-
gions are available. The present findings show a significant vo-
lume reduction of the total precuneus in AD subjects using MR 
volumetry, which is consistent with several VBM results show-
ing volume reductions in the posteromedial cortex.
11,29,30 Our 
AD subjects exhibited a significant volume reduction in the 
right precuneus and exhibited a trend toward a reduction in the 
left precuneus, compared with controls (Table 2). There were no 
statistically significant right-left differences in precuneal vol-
ume, although there was a trend toward a smaller right precu-
neus in the AD group. With regard to the hemispheric asymme-
try, several volumetric MRI studies have suggested a role of hip-
pocampal asymmetry in AD, although there is no consensus on 
this topic.
31-35 Many VBM studies have shown that the bilateral 
precuneus and MTL are involved in AD.
11,29,36-38 Some VBM re-
sults have suggested the presence of asymmetry in the brains of 
AD subjects, citing differences in T scores between the left and 
right sides.
39 However, VBM is a less-sensitive measure of sym-
metric or asymmetric involvement of brain regions because it 
was not developed to formally test for regional brain differenc-
es. To our knowledge, the current study is the first to measure 
the precuneal volume in AD using manual volumetry. This study 
should be replicated with different samples since the sample 
characteristics may affect the obtained results.
The precuneus has received a great deal of attention in the 
more recently available neuroimaging tools such as functional 
MRI and positron-emission tomography. Positron-emission to-
mography or single-photon-emission computed tomography 
studies have consistently demonstrated that AD is associated 
with dysfunction (hypometabolism or hypoperfusion) in the po-
sterior temporoparietal association cortices and later in the fron-
tal association cortices, and whole-brain voxel-based investiga-
tions have implicated the posterior cingulate-precuneus area as 
the region with the earliest and greatest functional changes.
3,40,41 
Functional imaging of AD brains has demonstrated prominent 
reductions of metabolism in the posteromedial cortex, even in 
the early stages when pathology is limited to the MTL. It has 
been suggested that functional posterior cortical abnormalities 
in early AD could be due to the remote effects of medial tem-
poral damage (disconnection or diaschisis) or to local patholo-
gy.
42 Disruption of the cingulum bundle in MCI and AD,
43 as 
well as disruption of the connections between the MTL and re-
trosplenial cortex
44,45 support the “diaschisis” hypothesis for po-
sterior cortical hypometabolism.
46 However, another study sug-
gested that local pathology in that area appeared in the early 
stages of AD.
47 Our study found no correlation between the pre-
cuneal volume and the hippocampal volume, suggesting that 
precuneal atrophy occurs independently of hippocampal atro-
phy and that local pathology contributes more to early func-
tional abnormalities of the posteromedial cortex than any re-
mote effects of the MTL lesion. Similar to other areas of the 
neocortex, the precuneus demonstrated increased diffuse and 
neuritic amyloid plaques early in the evolution of AD, com-
pared with increased neurofibrillary tangles in the MTL.
48 The 
precuneus also had the highest 
11C-Pittsburgh Compound-B 
uptake of all GM regions examined in AD subjects.
10 Therefore, 
amyloid deposition in the precuneus could underlie the local pa-
thology linked to precuneal atrophy. Together these observa-
tions suggest that amyloid deposition in the precuneus causes 
atrophy in the early stage of AD, leading to more significant at-
rophy as the disease progresses, which in turn causes functional 
alterations of the precuneus. Furthermore, our study showed that 
the BV, an indicator of global BV, was correlated with the hip-
pocampal volume but not the precuneal volume, suggesting that 
precuneal atrophy is less related to global brain atrophy.
Recent functional imaging studies have suggested a central 
role for the precuneus in a wide range of highly integrated tasks, 
including visuospatial imagery, episodic memory retrieval (es-
pecially with autobiographical content), self-processing, and 
consciousness.
9 In addition, the precuneus and surrounding pos-Precuneal and Hippocampal Volumes in AD 
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teromedial areas belong to the default network, which is a spe-
cific, anatomically defined brain system that is preferentially 
active when individuals are not focused on the external envi-
ronment.
49,50 These highly integrated functions reflect cognitive 
processes that are engaged by tasks in different cognitive do-
mains, suggesting a common role of the precuneus in various 
cognitive processes.
9 In the current study, precuneal volume was 
correlated with the category fluency test and visuospatial func-
tioning. Functional neuroimaging research has demonstrated 
that the posteromedial cortex, a region that has anatomical con-
nections with the MTL, is active during the retrieval of previous-
ly learned information.
51,52 We presume that the correlation of 
precuneal volume with the category fluency would be related to 
the retrieval of previously learned information. In addition, the 
posteromedial cortex is known to be concerned with aspects of 
visuospatial processing.
9,53,54 Karas et al.
38 found that a smaller 
precuneus was associated with impaired visuospatial function-
ing, which is consistent with our results showing the correlation 
between precuneal volume and visuospatial functioning. How-
ever, it is not possible to draw any firm conclusions about the 
role of the precuneus in cognitive function because the neuro-
psychological battery of cognitive tests used in the current study 
does not reflect highly integrated tasks.
Despite the relatively small number of subjects in each group, 
the current study is promising because we controlled for sever-
al potential confounding factors. A ten-point linear transforma-
tion was used to place images into the standard Talairach atlas 
space to correct for differences in brain orientation and head 
tilt, and the volumes of the precuneus and hippocampus were 
examined after normalization to TIV in order to correct for vari-
ations in head size. However, additional studies with larger num-
bers of AD subjects (as well as MCI subjects) would strength-
en the current findings and assess a relationship between pre-
cuneal atrophy and disease progression.
In conclusion, the precuneal atrophy observed in the AD 
group suggests that MR volumetric assessment of precuneal 
volume, in addition to hippocampal volume, might be a useful 
radiological index for the diagnosis of AD. Furthermore, the 
lack of correlation between the precuneal and hippocampal vol-
umes in AD supports the theory that precuneal atrophy is due 
to local pathology rather than occurring as a secondary conse-
quence of MTL pathology.
Conflicts of Interest
The authors have no financial conflicts of interest.
Acknowledgements
This work was supported by The Catholic University of Korea Daejeon 
St. Mary’s Hospital, Clinical Research Institute Grant funded by The 
Catholic University of Korea Daejeon St. Mary’s Hospital.
REFERENCES
1. Lehéricy S, Marjanska M, Mesrob L, Sarazin M, Kinkingnehun S. 
Magnetic resonance imaging of Alzheimer’s disease. Eur Radiol 2007; 
17:347-362.
2. Glodzik-Sobanska L, Rusinek H, Mosconi L, Li Y, Zhan J, de Santi S, 
et al. The role of quantitative structural imaging in the early diagnosis 
of Alzheimer’s disease. Neuroimaging Clin N Am 2005;15:803-826.
3. Herholz K, Carter SF, Jones M. Positron emission tomography imag-
ing in dementia. Br J Radiol 2007;80:S160-S167.
4. Du AT, Schuff N, Amend D, Laakso MP, Hsu YY, Jagust WJ, et al. 
Magnetic resonance imaging of the entorhinal cortex and hippocampus 
in mild cognitive impairment and Alzheimer’s disease. J Neurol Neu-
rosurg Psychiatry 2001;71:441-447.
5. Killiany RJ, Gomez-Isla T, Moss M, Kikinis R, Sandor T, Jolesz F, et al. 
Use of structural magnetic resonance imaging to predict who will get 
Alzheimer’s disease. Ann Neurol 2000;47:430-439.
6. Geuze E, Vermetten E, Bremner JD. MR-based in vivo hippocampal 
volumetrics: 2. Findings in neuropsychiatric disorders. Mol Psychiatry 
2005;10:160-184.
7. Duvernoy HM. The human brain: surface, three-dimensional sectional 
anatomy with MRI, and blood supply. 2nd ed. New York: Springer 
Wien New York, 1999.
8. Salamon G, Salamon-Murayama N, Mongkolwat P, Russell EJ. Mag-
netic resonance imaging study of the parietal lobe: anatomic and radio-
logic correlations. Adv Neurol 2003;93:23-42.
9. Cavanna AE, Trimble MR. The precuneus: a review of its functional 
anatomy and behavioural correlates. Brain 2006;129:564-583.
10. Mintun MA, Larossa GN, Sheline YI, Dence CS, Lee SY, Mach RH, 
et al. [11C]PIB in a nondemented population: potential antecedent 
marker of Alzheimer disease. Neurology 2006;67:446-452.
11. Baron JC, Chételat G, Desgranges B, Perchey G, Landeau B, de la Say-
ette V, et al. In vivo mapping of gray matter loss with voxel-based mor-
phometry in mild Alzheimer’s disease. Neuroimage 2001;14:298-309.
12. Ramani A, Jensen JH, Helpern JA. Quantitative MR imaging in Al-
zheimer’s disease. Radiology 2006;241:26-44.
13. Ashburner J, Friston KJ. Why voxel-based morphometry should be used. 
Neuroimage 2001;14:1238-1243.
14. Ashburner J, Friston KJ. Voxel-based morphometry--the methods. Neu-
roimage 2000;11:805-821.
15. Kang Y, Na DL, Hahn S. A validity study on the Korean Mini-Mental 
State Examination (K-MMSE) in dementia patients. J Korean Neurol 
Assoc 1997;15:300-308.
16. McKhann G, Drachman D, Folstein M, Katzman R, Price D, Stadlan 
EM. Clinical diagnosis of Alzheimer’s disease: report of the NINCDS-
ADRDA Work Group under the auspices of Department of Health and 
Human Services Task Force on Alzheimer’s disease. Neurology 1984;34: 
939-944.
17. Morris JC. The Clinical Dementia Rating (CDR): current version and 
scoring rules. Neurology 1993;43:2412-2414.
18. Kang YW, Na DL, Hahn SH. Seoul neuropsychological screening bat-
tery. Incheon: Human Brain Research & Consulting Co., 2003.
19. Talairach J, Tournoux P. Co-planar stereotaxic atlas of the human brain. 
New York: Thieme Medical Publishers, 1988.
20. Gath I, Geva AB. Unsupervised optimal fuzzy clustering. IEEE 
Trans Pattern Anal Mach Intell 1989;11:773-781.
21. Kwon MJ, Han YJ, Shin IH, Park HW. Hierarchical fuzzy segmenta-
tion of brain MR images. Int J Imaging Syst Technol 2003;13:115-125.
22. Eritaia J, Wood SJ, Stuart GW, Bridle N, Dudgeon P, Maruff P, et al. An 
optimized method for estimating intracranial volume from magnetic 
resonance images. Magn Reson Med 2000;44:973-977.
23. Zhou SY, Suzuki M, Takahashi T, Hagino H, Kawasaki Y, Matsui M, et 
al. Parietal lobe volume deficits in schizophrenia spectrum disorders. 
Schizophr Res 2007;89:35-48.
24. Duvernoy HM. The human hippocampus, functional anatomy, vascu-Ryu SY et al.
www.thejcn.com  203
larisation and serial sections with MRI. 3rd ed. New York: Springer-
Verlag Berlin Heidelberg, 2005.
25. Watson C, Andermann F, Gloor P, Jones-Gotman M, Peters T, Evans A, 
et al. Anatomic basis of amygdaloid and hippocampal volume measure-
ment by magnetic resonance imaging. Neurology 1992;42:1743-1750.
26. Pantel J, O’Leary DS, Cretsinger K, Bockholt HJ, Keefe H, Magnotta 
VA, et al. A new method for the in vivo volumetric measurement of the 
human hippocampus with high neuroanatomical accuracy. Hippocam-
pus 2000;10:752-758.
27. Ciumas C, Montavont A, Ryvlin P. Magnetic resonance imaging in 
clinical trials. Curr Opin Neurol 2008;21:431-436.
28. Geuze E, Vermetten E, Bremner JD. MR-based in vivo hippocampal 
volumetrics: 1. Review of methodologies currently employed. Mol Psy-
chiatry 2005;10:147-159.
29. Frisoni GB, Testa C, Zorzan A, Sabattoli F, Beltramello A, Soininen H, 
et al. Detection of grey matter loss in mild Alzheimer’s disease with voxel 
based morphometry. J Neurol Neurosurg Psychiatry 2002;73:657-664.
30. Chételat G, Desgranges B, De La Sayette V, Viader F, Eustache F, Bar-
on JC. Mapping gray matter loss with voxel-based morphometry in 
mild cognitive impairment. Neuroreport 2002;13:1939-1943.
31. Foundas AL, Leonard CM, Mahoney SM, Agee OF, Heilman KM. At-
rophy of the hippocampus, parietal cortex, and insula in Alzheimer’s 
disease: a volumetric magnetic resonance imaging study. Neuropsychi-
atry Neuropsychol Behav Neurol 1997;10:81-89.
32. Barnes J, Scahill RI, Schott JM, Frost C, Rossor MN, Fox NC. Does 
Alzheimer’s disease affect hippocampal asymmetry? Evidence from a 
cross-sectional and longitudinal volumetric MRI study. Dement Geri-
atr Cogn Disord 2005;19:338-344.
33. Wolf H, Grunwald M, Kruggel F, Riedel-Heller SG, Angerhöfer S, 
Hojjatoleslami A, et al. Hippocampal volume discriminates between 
normal cognition; questionable and mild dementia in the elderly. Neu-
robiol Aging 2001;22:177-186.
34. Rusinek H, Endo Y, De Santi S, Frid D, Tsui WH, Segal S, et al. Atro-
phy rate in medial temporal lobe during progression of Alzheimer dis-
ease. Neurology 2004;63:2354-2359.
35. Golebiowski M, Barcikowska M, Pfeffer A. Magnetic resonance imag-
ing-based hippocampal volumetry in patients with dementia of the Al-
zheimer type. Dement Geriatr Cogn Disord 1999;10:284-288.
36. Ishii K, Kawachi T, Sasaki H, Kono AK, Fukuda T, Kojima Y, et al. 
Voxel-based morphometric comparison between early-and late-onset 
mild Alzheimer’s disease and assessment of diagnostic performance of 
z score images. AJNR Am J Neuroradiol 2005;26:333-340.
37. Kinkingnéhun S, Sarazin M, Lehéricy S, Guichart-Gomerz E, Hergu-
eta T, Dubois B. VBM anticipates the rate of progression of Alzheimer 
disease: a 3-year longitudinal study. Neurology 2008;70:2201-2211.
38. Karas G, Scheltens P, Rombouts S, van Schijndel R, Klein M, Jones B, 
et al. Precuneus atrophy in early-onset Alzheimer’s disease: a morpho-
metric structural MRI study. Neuroradiology 2007;49:967-976.
39. Whitwell JL, Jack CR Jr. Neuroimaging in dementia. Neurol Clin 2007; 
25:843-857.
40. Minoshima S, Giordani B, Berent S, Frey KA, Foster NL, Kuhl DE. 
Metabolic reduction in the posterior cingulate cortex in very early Al-
zheimer’s disease. Ann Neurol 1997;42:85-94.
41. Mistur R, Mosconi L, Santi SD, Guzman M, Li Y, Tsui W, et al. Cur-
rent Challenges for the Early Detection of Alzheimer’s Disease: Brain 
Imaging and CSF studies. J Clin Neurol 2009;5:153-166.
42. Chételat G, Desgranges B, Landeau B, Mézenge F, Poline JB, de la 
Sayette V, et al. Direct voxel-based comparison between grey matter 
hypometabolism and atrophy in Alzheimer’s disease. Brain 2008;131: 
60-71.
43. Zhang Y, Schuff N, Jahng GH, Bayne W, Mori S, Schad L, et al. Dif-
fusion tensor imaging of cingulum fibers in mild cognitive impairment 
and Alzheimer disease. Neurology 2007;68:13-19.
44. Greicius MD, Supekar K, Menon V, Dougherty RF. Resting-state func-
tional connectivity reflects structural connectivity in the default mode 
network. Cereb Cortex 2009;19:72-78.
45. Greicius MD, Srivastava G, Reiss AL, Menon V. Default-mode net-
work activity distinguishes Alzheimer’s disease from healthy aging: ev-
idence from functional MRI. Proc Natl Acad Sci U S A 2004;101:4637-
4642.
46. Villain N, Desgranges B, Viader F, de la Sayette V, Mézenge F, Lan-
deau B, et al. Relationships between hippocampal atrophy, white mat-
ter disruption, and gray matter hypometabolism in Alzheimer’s disease. 
J Neurosci 2008;28:6174-6181.
47. Buckner RL, Snyder AZ, Shannon BJ, LaRossa G, Sachs R, Fotenos 
AF, et al. Molecular, structural, and functional characterization of Al-
zheimer’s disease: evidence for a relationship between default activity, 
amyloid, and memory. J Neurosci 2005;25:7709-7717.
48. Nelson PT, Abner EL, Scheff SW, Schmitt FA, Kryscio RJ, Jicha GA, 
et al. Alzheimer’s-type neuropathology in the precuneus is not increased 
relative to other areas of neocortex across a range of cognitive impair-
ment. Neurosci Lett 2009;450:336-339.
49. Raichle ME, MacLeod AM, Snyder AZ, Powers WJ, Gusnard DA, 
Shulman GL. A default mode of brain function. Proc Natl Acad Sci U S A 
2001;98:676-682.
50. Buckner RL, Andrews-Hanna JR, Schacter DL. The brain’s default net-
work: anatomy, function, and relevance to disease. Ann N Y Acad Sci 
2008;1124:1-38.
51. Shannon BJ, Buckner RL. Functional-anatomic correlates of memory 
retrieval that suggest nontraditional processing roles for multiple dis-
tinct regions within posterior parietal cortex. J Neurosci 2004;24: 
10084-10092.
52. Ries ML, Carlsson CM, Rowley HA, Sager MA, Gleason CE, Asthana 
S, et al. Magnetic resonance imaging characterization of brain structure 
and function in mild cognitive impairment: a review. J Am Geriatr Soc 
2008;56:920-934.
53. Vogt BA, Finch DM, Olson CR. Functional heterogeneity in cingulate 
cortex: the anterior executive and posterior evaluative regions. Cereb 
Cortex 1992;2:435-443.
54. Gusnard DA, Raichle ME, Raichle ME. Searching for a baseline: func-
tional imaging and the resting human brain. Nat Rev Neurosci 2001;2: 
685-694.